INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is the most frequent form of dementia in the adult, and its prevalence increases exponentially with age \[[@ref001]\]. AD is a neurodegenerative process characterized by progressive cognitive deficits in multiple cognitive domains and impairments in activities of daily living, as well as neurological and psychiatric symptoms \[[@ref002]\]. The initial pathological event that leads to neurodegeneration (neuronal and synaptic loss) is unknown. However, the accumulation of extracellular amyloid-β (Aβ) in the form of diffuse and neuritic plaques and intracellular accumulation of phosphorylated tau in the form of neurofibrillary tangles, neuropil threads, and dystrophic neurites constitutes the most salient neuropathological feature \[[@ref003]\]. Only symptomatic therapies are available for the treatment of AD, and disease-modifying compounds are currently being tested, especially medications that target Aβ metabolism \[[@ref004]\].

Aggregation and accumulation of Aβ proteins in the brain has been considered a defining pathology associated with AD \[[@ref003]\], and it has been suggested that the sporadic form of AD is related to decreased clearance of Aβ from the central nervous system (CNS) \[[@ref006]\]. Aβ proteins are the most important component of the neuritic (senile) plaque (SNP). Aβ~1--42~ is the predominant form in the SNP, and is deposited first, while the Aβ~1--40~ is deposited later \[[@ref007]\]. CSF Aβ~1--42~ levels are decreased in AD patients, while Aβ~1--40~ levels remain normal \[[@ref008]\]. Similarly, Aβ proteins are detectable in plasma; some studies have shown increased Aβ~1--42~ levels in early AD \[[@ref009]\], while others have shown decreased Aβ~1--42~ levels, and Aβ~1--42~/Aβ~1--40~ ratio \[[@ref010]\].

Studies conducted in animal models and humans have detected the presence of a bidirectional flow of Aβ peptide between the CSF and plasma compartments \[[@ref011]\]. It has been reported that direct transport of Aβ through the blood-brain barrier represents 25% of its clearance \[[@ref014]\] in cognitively normal humans. Studies conducted in animal models showed that the elimination half-life of Aβ between CSF and plasma is about 30 minutes \[[@ref012]\]. Plasma levels of Aβ decrease as the deposits of the latter within the brain increase \[[@ref017]\]. These findings suggest that there is equilibrium between plasma and CNS Aβ, and that SNP are continuously creating a new equilibrium because Aβ not only enters the plasma but also deposits in the CNS \[[@ref018]\]. This dynamic equilibrium between Aβ in plasma and brain can be altered with therapeutic interventions that target Aβ pathology. Peripheral sequestration of plasma Aβ resulted in a reduction of Aβ in both the CSF and in the brain of transgenic mice \[[@ref019]\].

PE is a process used to remove patient plasma and replace it with another solution, maintaining normal volemia and osmotic balance, with the purpose of eliminating toxic substances from plasma such as autoantibodies, alloantibodies, immune complexes, proteins, and toxins \[[@ref020]\]. To this effect, albumin is frequently used as the replacement solution in PE. By taking advantage of the fact that the vast majority of Aβ circulating in blood (around 90%) is bound to albumin in a 1:1 ratio \[[@ref021]\], preliminary phase I studies in humans using plasma exchange (PE) with 5% human albumin (Albutein^®^) showed that PE was able to induce alterations in the Aβ~1--42~ mobilization (i.e., a trend to increase in CSF and a clear decrease in plasma after the PE period, returning to baseline levels at 6 months of follow-up) and that this finding may be related to a tendency of stabilizing the scores in cognition tests, even after 1 year of follow-up \[[@ref022]\]. In a confirmation of the occurrence of Aβ mobilization in CSF and plasma which was associated with improved scores in cognitive tests, in this study, we further describe and test PE with albumin replacement as a novel strategy for the treatment of AD.

MATERIALS AND METHODS {#sec0010}
=====================

This was a multicenter, randomized, patient- and rater-blind, controlled phase II trial (EudraCT number: 2007-000414-36), conducted in compliance with a clinical protocol, regulatory requirements, good clinical practice (GCP), and the ethical principles of the latest revision of the Declaration of Helsinki as adopted by the World Medical Association. The study was reviewed and approved by Independent Ethics Committees (IEC) and Institutional Review Boards (IRB).

Objectives {#sec0015}
----------

The primary objective was to determine whether PE treatment with 5% human albumin was able to modify the concentration of Aβ (Aβ~1--40~ and Aβ~1--42~) in CSF in patients with mild to moderate AD.

The secondary objectives were: 1) to determine whether the treatment was able to modify the concentrations of Aβ in plasma; 2) to assess the effects of PE on cognitive, functional, and behavioral outcomes; and 3) to evaluate the safety of the treatment by monitoring adverse reactions and clinically relevant changes during and after the PE procedure.

Patients {#sec0020}
--------

Patients were recruited from four different sites, two in Spain (Fundació ACE -- Institut Catalá de Neurociències Aplicades in Barcelona, where patients from the Hospital General Universitari Vall d'Hebron in Barcelona were also included, and the Hospital General Universitario Gregorio Marañón in Madrid) and two in the USA (Alzheimer's Research Corporation -- Mid Atlantic Geriatric Association in Manchester, NJ, and Howard University in Washington, DC). The inclusion criteria were: 1) age 55--85; 2) meet the NINCDS-ADRDA criteria for probable AD \[[@ref023]\]; 3) Mini-Mental State Examination (MMSE) \[[@ref024]\] scores between ≥18 and ≤26); 4) be in a stable dose of a cholinesterase inhibitors for the previous three months; and 5) absence of cerebrovascular disease by clinical history and by computed axial tomography (CAT) or magnetic resonance imaging (MRI).

The exclusion criteria were: 1) Any contraindication or difficulty for PE (e.g., difficult venous access, behavioral disorders, a history of frequent adverse reactions to blood products; hypersensitivity to albumin or allergies to any of the components of human albumin 5%); 2) abnormal coagulation or laboratory parameters (e.g., hypocalcemia Ca^++^ \<8.7 mg/dL; thrombocytopenia \<100,000/μL; fibrinogen \<1.5 g/L; prothrombin time \[Quick\] *p* \< 60% versus control); 3) angiotensin-converting enzyme inhibitors or beta-blocker treatment; 4) bradycardia \<60/min; 5) plasma creatinine \>2 mg/dL; alanine aminotransferase \>2.5×upper limit of normal; bilirubin \>2 mg/dL; 6) uncontrolled high blood pressure; 7) heart disease; 8) participation in other clinical trials or the use of any other investigational drug in the three months prior to the start of the study; 9) fewer than six years of education; and 10) any condition that complicated adherence to the studyprotocol.

The patient and a close relative or legal representative signed the informed consent form to participate in the trial.

Study design {#sec0025}
------------

The time between screening and randomization (1:1 ratio to either the control group or the PE-treated group) was two weeks. The PE treatment consisted of processing approximately one whole plasma volume with simultaneous substitution by the same volume of 5% human albumin, a procedure specifically known as Total Plasma Exchange. The PE treatment was provided in three periods of six PE each: 1) Intensive treatment period: three weeks with two PE per week; 2) Maintenance treatment period I: six weeks with one PE per week; and 3) Maintenance treatment period II: 12 weeks with one PE every two weeks. The control group underwent a sham treatment (simulated PE without invasive procedures).

The patients were followed during the treatment phase of the study (first 21 weeks), and during an additional six-month period, where they had two visits every three months (weeks 33 and 44±7 days). Patients' physical and clinical data were collected throughout the study (baseline and visits at weeks 3, 9, 21, 33, and 44). All evaluators of laboratory and psychometric testing were blinded to patient treatment.

Randomization and masking {#sec0030}
-------------------------

Eligible patients were randomly assigned (1:1) to PE treatment or control (simulated plasma exchange without invasive procedures: sham) groups using a SAS computer-generated sequence that was programmed by an independent, unmasked, statistical team at a contract research organization (Trial Form Support -- TFS). The randomization codes were kept in envelopes that were opened each time a patient was randomized. In sham treatment, gauze dressing was placed on the subclavicular region, affixing a dual lumen catheter of characteristics similar to the central catheters used in the treatment group, and procedures mimicking PE were carried out \[[@ref022]\]. Likewise, these patients undertook the same visits schedule and assessments as the patients in the treatmentgroup.

All evaluators of laboratory and psychometric testing were blinded to patient treatment. Importantly, the evaluators of the neuropsychological tests did not have access to any kind of information allowing them to identify the patient's assignment to treatment. The patient care takers or informers were instructed not to mention any details about the treatment during the neuropsychological tests.

Product and study procedures {#sec0035}
----------------------------

The human albumin product for PE was Human Albumin Grifols^®^/Albutein^®^ 5% (Grifols, Barcelona, Spain). Approximately one plasma volume was processed in each PE, calculated from body weight, height, and hematocrit (approximately 35--45 mL/kg, corresponding to a volume of 2500--3000 mL for a 70 kg. subject). The same volume of Albutein^®^ 5% was administered (60--100 ml/min) as a replacement fluid to the treatment group (50 g of albumin per liter of replaced plasma). This is considered a standard PE procedure and is the same that was used in the preliminary phase I studies \[[@ref022]\].

For each treatment period (intensive, maintenance I, maintenance II), a baseline lumbar puncture (before the start of treatment) and a lumbar puncture immediately after the end of the last PE were performed to collect CSF samples. Lumbar punctures were also performed during the follow-up period (weeks 33 and 44). Plasma samples were collected before and at the end of each PE. Aβ levels were determined from the samples. Before every PE, a physical examination was carried out.

Lumbar puncture and blood sampling were carried out following the standard techniques of each center. CSF collection (discarding the first few mL of fluid) was as follows: 3 mL for general testing (kept at room temperature, with immediate analysis); and 3 mL for Aβ determination (collected in polypropylene tubes, which could be immediately frozen at --80°C until analysis). For blood collection (with EDTA), recommendations were as follows: 5 mL for coagulation parameters and hematological tests; 10 mL for proteinogram, biochemistry, and serology; 4 mL (approximately 2 mL of plasma) for ApoE determination; and 10 mL (approximately 5 mL of plasma) in polypropylene tubes for Aβdetermination.

Efficacy variables {#sec0040}
------------------

Efficacy outcomes included the variation of Aβ~1--40~ and Aβ~1--42~ levels in CSF during the treatment period, between baseline and at the end of the last PE, as well as the variation between the beginning and finalization of each of the three treatment periods. Based on the observations of the preliminary phase I studies \[[@ref022]\], the difference of CSF Aβ~1--42~ levels between the treatment group and the control group at the end of the last PE considered to be feasible was 100 pg/ml.

CSF and plasma levels of Aβ~1--40~ were determined with the h Amyloid Aβ~1--40~ ELISA (The Genetics Company; TGC). CSF and plasma levels of Aβ~1--42~ were determined with the high-sensitivity Innotest β-amyloid~ (1 --42) ~ (Innogenetics, now Fujirebio Diagnostic Inc.) with a determination cutoff limit of 7.8 pg/mL.

Clinical efficacy measures included global cognitive measures such as the MMSE \[[@ref024]\], and the Alzheimer's Disease Assessment Scale, cognitive subscale (ADAS-Cog) \[[@ref025]\], and selected language/attention neuropsychological tests: 1) Symbol Digit Modalities Test (SDMT) \[[@ref026]\], 2) Semantic Verbal Fluency (SVF) \[[@ref027]\], 3) Phonemic Verbal Fluency (PVF) \[[@ref027]\], 4) Boston Naming Test (BNT) \[[@ref028]\], and 5) Rey Auditory Verbal Learning Test (RAVLT) \[[@ref029]\]. Behavioral measures included: 1) the Neuropsychiatric Inventory (NPI) \[[@ref030]\], 2) the Cornell Scale for Depression in Dementia (CSDD) \[[@ref031]\], 3) the Overt Aggression Scale (OAS) \[[@ref032]\], and 4) the Agitated Behavior Scale (ABS) \[[@ref033]\]. Functional measures included: 1) the Alzheimer's Disease Cooperative Study-Activities of Daily Living (ADCS-ADL) \[[@ref034]\], 2) the Alzheimer's Disease Cooperative Study -- Clinical Dementia Rating -- Sum of boxes (CDR-sb) \[[@ref035]\], and 3) the Clinical Global Impression of Change (ADCS-CGIC) \[[@ref036]\].

Safety assessments {#sec0045}
------------------

The primary assessment of safety was the number and percentage of patients with at least one adverse effect (AE) that could be related or not to the study procedure. The AE were coded according to the classification of the World Health Organization (WHO) (MedDRA version 13.1), and were described by a synonym (Lowest Level Term) and the affected organ/system, the intensity, causality and seriousness.

Statistical analysis {#sec0050}
--------------------

A sample size of 36 patients (18 per group) was calculated for the study to have 80% power for the primary efficacy variable (variation in Aβ~1--42~ levels in CSF from the baseline visit to the last available measurement), a difference of 220 pg Aβ~1--42~/mL between means of the treatment and control groups, assuming the common standard deviation (SD) to be 217.4 pg/mL (according to data obtained in the preliminary phase 1 studies) \[[@ref022]\], using the Student *t*-test with a two-sided level of significance of 5%. Assuming a global dropout rate of approximately 15%, the study had to enroll 42 patients to obtain 36 patients for evaluation.

All patients with at least three PE sessions during the intensive treatment period were considered for efficacy analysis (intention-to-treat \[ITT\] population). A second analysis was also conducted on the per-protocol (PP) population, which included the patients who completed the treatment without breaches in the study protocol, determined before the randomization was unblinded. All the patients included in the study and subjected to at least one PE session were included in the safetypopulation.

The analysis of the variation in Aβ~1--40~ and Aβ~1--42~ levels was carried out by an analysis of covariance (ANCOVA) with adjusted (least-squares) mean and 95% confidence intervals (CI) as output and the change from baseline in Aβ in CSF at the last available measurement as dependent variable, treatment group as a factor, and the baseline level of Aβ as a covariate. The following variables were descriptively analyzed by treatment group: variation in Aβ~1--40~ and Aβ~1--42~ levels in CSF between the end and start of each of the three treatment periods; variation in Aβ~1--40~ and Aβ~1--42~ levels in CSF between the treatment phase and follow up; and variation of Aβ~1--40~ and Aβ~1--42~ levels in plasma before and after each PE and follow up.

The clinical measures were examined with a mixed model for repeated measures between-group differences in test scores at end of PE treatment (week 21) and end of follow up (week 44). The dependent variable in each analysis was the change from baseline in test score. Fixed effects were treatment (PE-treated or control group), visit, and treatment-by-visit interaction. No adjustments for multiple comparisons or corrections for multiplicity were planned.

Data are presented as median and range or as mean±standard deviation (SD) or±95% CI, whenever appropriate. Statistical significance was set at 5% level. The SAS^®^ software (SAS Institute Inc., Cary, NC, USA) version 9.2 was used for calculations.

RESULTS {#sec0055}
=======

Patients characteristics {#sec0060}
------------------------

A total of 48 patients that met the inclusion criteria were enrolled and signed the informed consent, with no screening failures. Forty-two of them were randomized, 21 to the PE-treated group and 21 to the control group with sham PE treatment (See [Fig. 1](#jad-56-jad160565-g001){ref-type="fig"}). Thirty-nine patients provided baseline and longitudinal data (evaluable population), 19 patients in the treatment group and 20 patients in the control group. Twenty-nine patients completed the study and 13 dropped out: six because AEs (2 anxiety, 2 injuries due to fall, 1 hospitalization due to otitis media, and 1 death), five withdrew consent (by patient or caregiver), one protocol violation (taking angiotensin-converting enzyme inhibitor), and one lost to follow-up.

Baseline demographic, anthropometric, and clinical characteristics of patients are shown in [Tables 1](#jad-56-jad160565-t001){ref-type="table"} and [2](#jad-56-jad160565-t002){ref-type="table"}. No significant differences between the characteristics of the two study groups were observed. All patients received a maximum of 18 PE, with a median exposure to treatment of 155 days (range: 1--166). All subjects included in the study and subjected to at least three PE sessions during the intensive treatment period were considered for efficacy analysis (ITT population; *n* = 37) while the PP population was *n* = 35. All the 39 evaluable patients were included in the safety analysis.

Aβ levels in CSF {#sec0065}
----------------

Variation of Aβ~1--42~ levels in CSF between the end of the last PE and baseline (primary efficacy variable) showed a higher adjusted (least-squares) mean for the PE-treated group compared to the control group, approaching significance (*p* = 0.072), with values of 75.3 pg/mL (95% CI: --19.8, 170.5) for the PE-treated group versus --45.5 pg/mL (95% CI: --135.1, 44.2) for the control group. There were not significant differences between the two groups of patients in the variation of Aβ~1--40~ levels in CSF between the end of the last PE and the baseline, with adjusted mean values of 135.9 pg/mL (95% CI: --954.0, 1225.8) in the PE-treated group versus 441.5 pg/mL (95% CI: --585.6, 1468.6) in the control group.

Results of the levels of Aβ~1--40~ and Aβ~1--42~ in CSF during the course of the treatment phase and follow-up are shown in [Fig. 2](#jad-56-jad160565-g002){ref-type="fig"}. Aβ~1--42~ values of PE-treated patients were consistently higher than control group ([Fig. 2B](#jad-56-jad160565-g002){ref-type="fig"}). At baseline, Aβ~1--42~ mean levels in the PE-treated group and the controls were, respectively, 333.2±151.8 pg/mL and 304.1±121.3 pg/mL; while at the end of last PE the levels were, respectively, 398.0±273.8 pg/mL and 256.7±100.5 pg/mL. In all the CSF Aβ measurements, results were similar when performed on the PP population (see [Supplementary Tables 1](#S1){ref-type="supplementary-material"} and [2](#S1){ref-type="supplementary-material"}).

Aβ levels in plasma {#sec0070}
-------------------

Plasma levels of Aβ~1--40~ and Aβ~1--42~ measured before and after each PE showed marked differences between groups ([Fig. 3](#jad-56-jad160565-g003){ref-type="fig"}). In PE-treated patients the Aβ~1--40~ levels showed a saw-tooth pattern that approximately ranged from 100 to 300 pg/mL, while the Aβ~1--42~ levels ranged from 20 to 60 pg/mL. The plasma Aβ~1--42~ levels were statistically lower after each treatment period in the PE-treated group compared to the control group (See [Fig. 3B](#jad-56-jad160565-g003){ref-type="fig"}). After the treatment periods, plasma Aβ~1--40~ and Aβ~1--42~ levels tended to return to baseline levels during the observational phase of the study. Results of all plasma Aβ measurements were similar when performed on the PP population (available as [Supplementary Tables 3](#S1){ref-type="supplementary-material"} and [4](#S1){ref-type="supplementary-material"}). The relationship between intensity of the treatment and plasma Aβ~1--40~ mobilization is also shown as [Supplementary Figure 1](#S1){ref-type="supplementary-material"}.

Clinical efficacy outcomes {#sec0075}
--------------------------

[Table 3](#jad-56-jad160565-t003){ref-type="table"} summarizes the changes in the test scores associated with treatment (treatment effect or treatment-by-visit effect) after the treatment period and after the follow-up compared to baseline, in both patient groups.

PE-treated patients exhibited better scores than those in the control group in measures of global cognition (MMSE and ADAS-Cog) during the intervention and observational phases of the study (see [Table 3](#jad-56-jad160565-t003){ref-type="table"} and [Fig. 4](#jad-56-jad160565-g004){ref-type="fig"}), with a trend to significance (abstractly considered when *p* value was from ≥0.05 to \<0.12) in favor of the PE-treated group with the MMSE (mean difference at week 44 : 2.6 \[95% CI --0.8, 6.1\]; *p* = 0.081), and with the ADAS-cog (mean difference at week 21: --3.6 \[95% CI --8.6, 1.5\]; *p* = 0.094).

The PE-treated group had better BNT and SVF scores throughout the study compared to the control group, and there was a statistically significant difference between groups in the treatment-by-visit effect (see [Table 3](#jad-56-jad160565-t003){ref-type="table"} and [Fig. 5](#jad-56-jad160565-g005){ref-type="fig"}). The mean differences between PE-treated and control at week 44 were 1.3 (95% CI --1.1, 3.8) for BNT (*p* = 0.043) and 2.5 (95% CI 0.1, 5.0) for SVF (*p* = 0.024).

Similarly, the PE-treated group had better RAVLT1 and RAVLT2 scores than the control group, and there was a trend to statistical significance favoring the PE-treated group throughout the study (see [Table 3](#jad-56-jad160565-t003){ref-type="table"}). The mean differences between PE-treated and control at week 44 were 1.5 (95% CI 0.1, 2.9) for RAVLT1 (*p* = 0.050) and 1.3 (95% CI 0.2, 2.5) for RAVLT2 (*p* = 0.099).

By contrast, the control group scored better than the PE-treated group in behavioral (NPI) and functional (ADCS-ADL) measures (see [Table 3](#jad-56-jad160565-t003){ref-type="table"} and [Fig. 6](#jad-56-jad160565-g006){ref-type="fig"}). The effect was more marked at the end of the treatment period (week 21), with mean differences between PE-treated and control of 9.4 (95% CI --0.2, 18.5) for NPI and --7.1 (95% CI --14.2, 0.1) for ADCS-ADL. In NPI, statistically significant differences were observed during both the treatment period (*p* = 0.028) and the follow-up (*p* = 0.048), while in ADCS-ADL the statistical significance was a trend (*p* = 0.050 and *p* = 0.119, respectively).

Safety results {#sec0080}
--------------

The rate of AEs was similar between the two treatment groups (see [Tables 5](#jad-56-jad160565-t005){ref-type="table"} and 6). Out of the 39 evaluable patients, 14 (70.0%) in the control group underwent at least one adverse event throughout the study (seven of them moderate to severe) whereas there were 18 (94.7%) in the PE-treated patients (nine of them moderate to severe). Five patients (12.8%) had serious AEs: two of them in the control group: cholangitis and otitis media; and three patients in the PE-treated group: hemorrhage associated with the catheter insertion, complex partial seizures (unrelated to treatment according to the investigator), and loss of consciousness (unrelated to treatment according to the investigator; the patient was admitted to the ICU and was subsequently diagnosed of a myocardial infarction, resulting in a multisystem organ failure and death 2 days later; this patient was submitted to a PE 2 days prior to the AE).

In the PE-treated group, 18 patients (97.7%) experienced any AE, seven patients (36.8%) experienced AEs related to the study intervention, and 15 patients (78.9%) experienced AEs related to study procedures (adverse reactions), in contrast to 14 (70.0%), one (5.0%) and five (25.0%) patients, respectively, in the control group (*p* = 0.044, *p* = 0.014, and *p* = 0.002, respectively; [Table 4](#jad-56-jad160565-t004){ref-type="table"}).

The most frequent AE were infections (in 14 patients, mostly device-related); psychiatric disorders (in 14 patients, mostly anxiety); blood and lymphatic system disorders (in 10 patients, mostly anemia); nervous system disorders (in six patients,mostly convulsion/seizure); general and medical device complications (in five patients, mostly fatigue); and injury and procedural complications (in five patients, mostly fall). Detailed results for PE-treated and control group patients are shown in [Table 5](#jad-56-jad160565-t005){ref-type="table"}.

Five (12.8%) out of the 39 evaluable patients included in the study reported abnormal laboratory values. Three of them (7.7%) had low hematocrit and hemoglobin levels. One patient had high GOT, GPT, and LDH levels, and one patient had abnormal IgG levels.

DISCUSSION {#sec0085}
==========

This study showed that PE treatment with fresh therapeutic albumin decreased Aβ~1--42~ levels in plasma, and led to borderline increased Aβ~1--42~ levels in CSF. This effect was associated with a trend to improvement in patients' global cognitive measures (MMSE, ADAS-Cog) during PE treatment and post PE observational period, as well as with a sustained improvement in memory and language measures. By contrast, treated patients had worse scores in behavioral and functional measures during the PE phase, which improved in the post-PE phase.

The variation in Aβ~1--42~ levels in CSF between the end of the last PE and the baseline levels was the primary efficacy variable. Although the treated group had higher Aβ~1--42~ values than the control group through the course of the treatment phase ([Fig. 2](#jad-56-jad160565-g002){ref-type="fig"}), the difference in the change at baseline versus the last PE between the two groups of patients was only close to the level of significance, a trend of increase that was also observed in the preliminary phase I studies \[[@ref022]\]. This was even with the difference of mean Aβ~1--42~ levels at the end of last PE between both patient groups (around 142 pg/mL) being above the 100 pg/mL that was considered feasible. By contrast, CSF levels of Aβ~1--40~ did not change with PE while in plasma showed a clear saw-tooth pattern associated with PE periods in the treatment group which was not present in the control group, as it was also seen in the preliminary phase I studies \[[@ref022]\]. This dissociation between Aβ~1--42~ and Aβ~1--40~ has been found in other studies and suggests that Aβ~1--40~ has a faster clearance compared to Aβ~1--42~ \[[@ref037]\].

Our findings are consistent with a greater effect of PE in plasma than in the CSF, which is reasonable since nearly all cells in the organism generate Aβ species. While it is thought that the Aβ in CNS originates in the CNS, the Aβ in plasma is the product of the AβPP metabolism in multiple organs, erythrocytes, and platelets \[[@ref039]\]. Therefore, the Aβ in plasma partially reflects its metabolism in the CNS. Although the mechanisms involved in the passage of Aβ from CSF to plasma are not well understood, there are a number of receptors that are implicated (e.g., low-density lipoprotein receptor) \[[@ref040]\], and this process seems to be modulated by APOE \[[@ref041]\]. Findings of this study are in line with our scientific hypothesis: sequestration of plasma Aβ through PE \[[@ref039]\] may alter the CNS/plasma equilibrium. That is, the decreased Aβ~1--42~ in plasma would lead to an accelerated efflux from CNS to compensate the peripheral drop, and consequently more Aβ~1--42~ would be released in the CNS. Whether the increased CSF Aβ~1--42~ is a product of the normal AβPP metabolism, the release from the SNP or both is difficult to determine.

One of the most important, and intriguing, aspects of this trial is that there was an improvement in cognitive measures during the PE treatment phase, which persisted after the treatment was discontinued. Although bordering statistical significance in some cases, the results are clinically relevant. The change from baseline scores in the MMSE and ADAS-Cog of the PE-treated group were at all time points better than those of the control group, as well as most scores in memory and language functions. A nearly identical profile was observed in the treated patients of the preliminary phase I studies \[[@ref022]\]. This may indicate that the removal of Aβ, and perhaps other unknown proteins, by PE initiates a more durable process or processes in the CNS that have beneficial effects in cognition. There is an ongoing clinical study known as the 'Alzheimer Management by Albumin Replacement' (AMBAR) whose primary objective is to evaluate cognitive and functional changes in AD patients treated with PE with albumin and immunoglobulin \[[@ref042]\].

Conversely, patients in the control group had better behavioral and functional symptoms than those in the PE group during the treatment phase. However, the statistical differences subsided during the observational phase. A possible explanation for this is that PE has a negative impact on activities of daily living during the intensive treatment phases but returns to baseline levels once the treatment is completed. Similarly, patients in the control group had better NPI scores than the PE treated group, although at the end of the observational phase the treated group had greater improvement compared to the control group. This indicates that PE can trigger psychiatric symptoms in AD patients, either related to the fact that the patients had to live with a catheter inserted in the chest, had discomfort caused by metabolic alterations related to PE, or both. Indeed, as shown in [Table 5](#jad-56-jad160565-t005){ref-type="table"}, 50% of the patients in the treated group developed psychiatric symptoms, especially anxiety.

The most frequent AE were infections (28.6% in controls versus 55.6% in PE-treated patients) and psychiatric symptoms (35.7% versus 50.0%). Although there were no statistically significant differences between groups in terms of serious AEs, the incidence of AEs related to the study product or study procedures was higher in PE-treated patients than in the controls with sham PE. This is what could be expected in patients treated with PE \[[@ref043]\]. PE is safely used in some neurologic diseases \[[@ref046]\] as well as in chronic conditions such as familial hypercholesterolemia \[[@ref047]\]. In this study, PE showed in general a comparable safety and tolerability profile. The only fatal AE (myocardial infarction) was considered not related to the study product, but could be unlikely related to the study procedures as a worst-case scenario. It is possible that, in order to optimize the PE treatment for AD, meaning to achieve maximal Aβ mobilization with the minimal PE procedures to reduce AEs, the schedule of the maintenance period can be reduced.

Possible study limitations would include characteristics of the study product and/or procedures. Feasibility of albumin replacement treatment previously studied *in vitro* showed that Albutein^®^, the therapeutic albumin used in this study, was Aβ-free capable of binding peptides containing the primary sequence of human Aβ \[[@ref048]\] and may also play a role in oxidation stress associated with AD \[[@ref049]\]. However, PE removes albumin, Aβ, and many other active plasma components. Consequently, the possibility that one or more unidentified agents could play a role in the observed effects of PE on the AD patients cannot be ruled out. Indeed, studies conducted in animal models suggest a role of still-unknown plasma components in the reversal of age-related cognitive impairment \[[@ref050]\]. On the other hand, the study population was recruited by excluding patients with any condition that could potentially interfere with PE. This could be a source of bias. In spite of the relatively small sample size, this study opens a new avenue for the treatment of AD, and expands our understanding of Aβ metabolism.

In conclusion, after PE treatment with 5% human albumin of AD patients, a measurable modification in Aβ~1--42~ concentration in CSF and plasma was observed, with different patterns of mobilization. PE treatment was associated with improvement in memory and language functions compared to control group patients (sham PE), who showed the cognitive decline expected in AD.
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![Levels of Aβ~1--40~ (A) and Aβ~1--42~ (B) in cerebrospinal fluid of plasma exchange (PE)-treated patients and control (sham PE) during the treatment phase and follow-up periods (Mean±SD; N = 14--19; intention-to-treat population). The *p* value refers to variation of adjusted (least-squares) mean of Aβ~1--42~ levels between the end of the last PE and baseline in the PE-treated group.](jad-56-jad160565-g002){#jad-56-jad160565-g002}

![Levels of Aβ~1--40~ (A) and Aβ~1--42~ (B) in plasma of plasma exchange (PE)-treated patients and controls (sham PE) before and after each PE, during the three treatment periods (intensive, maintenance I and maintenance II) and follow-up (means without dispersion; N = 18--19; intention-to-treat population).](jad-56-jad160565-g003){#jad-56-jad160565-g003}

![Score change from baseline in Mini-Mental Status Examination (MMSE) (A) and Alzheimer's Disease Assessment Scale --Cognitive subscale (ADAS-Cog) (B) tests measured in plasma exchange (PE)-treated patients and controls (sham PE) (mean±95% CI; N = 18--19; intention-to-treat population). *P*-values refer to treatment effect.](jad-56-jad160565-g004){#jad-56-jad160565-g004}

![Score differences with respect to baseline in Boston Naming Test (BNT) (A) and Semantic Verbal Fluency (SVF) (B) tests measured in plasma exchange (PE)-treated patients and controls (sham PE) (mean±95% CI; N = 18--19; intention-to-treat population). *P*-values refer to treatment-by-visit effect.](jad-56-jad160565-g005){#jad-56-jad160565-g005}

![Score differences with respect to baseline in Neuropsychiatric Inventory (NPI) (A) and Alzheimer's Disease Cooperative Study -- Activities of Daily Living (ADCS-ADL) (B) tests measured in plasma exchange (PE)-treated patients and controls (sham PE) (mean±95% CI; N = 18--19; intention-to-treat population). *P*-values refer to treatment-by-visit effect in NPI and to treatment effect in ADCS-ADL.](jad-56-jad160565-g006){#jad-56-jad160565-g006}

###### 

Demographic, anthropometric and baseline neuropsychological characteristics of patients in the plasma exchange (PE)-treated and control (sham PE) groups (mean±SD or number of subjects and percentage)

                                              All patients   PE-treated    Control
  ------------------------------------------ -------------- ------------ ------------
  Age (years old)                               67.7±7.9      68.2±6.7     67.3±9.1
  Sex (females)                                30 (76.9%)    15 (78.9%)   15 (75.0%)
  Height (cm)                                  159.5±10.3    159.7±11.9   159.4±9.1
  Weight (kg)                                  65.4±15.1     65.4±14.1    65.4±16.3
  Duration of symptoms (years)                  1.2±0.8       1.0±0.6      1.5±0.9
  *Global cognitive measures (score)*                                    
  MMSE                                          21.5±2.8      22.6±2.7     20.9±3.1
  ADAS-Cog                                      21.7±8.6      18.7±5.9    23.1±10.5
  *Language/attention tests (score)*                                     
  BNT                                           8.4±3.8       8.8±3.7      8.1±3.1
  SVF                                           9.0±3.4       9.8±3.7      8.3±3.1
  RAVLT immediate 1                             2.7±1.6       2.8±1.5      2.6±1.7
  RAVLT immediate 2                             3.8±2.0       4.3±2.4      3.4±1.5
  RAVLT immediate 3                             4.5±2.3       5.2±2.3      3.9±2.1
  RAVLT immediate 4                             5.0±2.2       5.9±2.1      4.2±2.1
  RAVLT immediate 5                             5.1±2.4       5.7±2.7      4.6±1.9
  RAVLT delayed                                 0.8±2.0       1.1±2.3      0.6±1.8
  SDMT                                          10.3±9.3      11.2±9.4     9.5±9.3
  PVF (F)                                       5.9±3.6       6.7±3.8      5.1±3.3
  PVF (A)                                       5.0±3.4       5.9±3.3      4.1±3.3
  PVF (S)                                       6.0±4.1       6.5±4.1      5.5±4.2
  *Behavioral/functional measures (score)*                               
  NPI                                           9.8±9.2       11.5±9.3     8.2±9.1
  ADCS-ADL                                      61.7±7.6      62.4±5.2     61.1±9.5
  ADCS-CGIC                                     3.3±0.6       3.1±0.5      3.5±0.6
  CDR-sb                                        5.2±2.0       4.5±1.7      5.8±2.1
  CSDD                                          3.6±4.4       4.4±4.2      2.8±4.5

No significant differences between the two study groups. ADAS-Cog, Alzheimer's Disease Assessment Scale --Cognitive subscale; ADCS-ADL, Alzheimer's Disease Cooperative Study --Activities of Daily Living; ADCS-CGIC, Alzheimer's Disease Cooperative Study --Clinical Global Impression of Change; BNT, Boston Naming Test; CDR-sb, Clinical Dementia Rating - Sum of boxes; CSDD, Cornell Scale for Depression in Dementia; MMSE, Mini-Mental Status Examination; NPI, Neuropsychiatric Inventory, including: PVF, Phonetic Verbal Fluency; RAVLT, Rey Auditory Verbal Learning Test; SDMT, Symbol Digit Modalities Test; SVF, Semantic Verbal Fluency.

###### 

Clinical characteristics of patients in the plasma exchange-treated and control groups at study entry

  ---------------------------------------------------
  *Surgical procedures*
  *Metabolism and nutrition disorders*
  Hypercholesterolemia
  *Psychiatric disorders*
  Depression
  Anxiety
  *Musculoskeletal and connective tissue disorders*
  *Cerebrovascular disorders*
  Hypertension
  Diabetes
  Heart disease
  *Gastrointestinal disorders*
  *Nervous system disorders*
  *Administration site conditions*
  *Renal and urinary disorders*
  *Infections*
  *Renal and urinary system disorders*
  *Immune system disorders*
  *Other disorders (\<10% patients)*
  ---------------------------------------------------

No significant differences between the two study groups.

###### 

                          Score change from baseline to the end of the treatment and to the end of the follow-up periods in cognition tests determined in plasma exchange (PE)-treated and control (sham PE) groups. See also [Figs. 4](#jad-56-jad160565-g004){ref-type="fig"}, [5](#jad-56-jad160565-g005){ref-type="fig"}, and [6](#jad-56-jad160565-g006){ref-type="fig"}

  Test                      Group scoring better^a^    Change from baseline (*p* value)  
  ------------------------- ------------------------- ---------------------------------- ---------------------
  *Global cognition*                                                                     
  MMSE                      PE-treated                                NS                  ≥0.05 --\<0.12^b,c^
  ADAS-Cog                  PE-treated                                NS                  ≥0.05 --\<0.12^b,c^
  *Language/attention*                                                                   
  BNT                       PE-treated                           \<0.05^b,c^                      NS
  SVF                       PE-treated                            \<0.05^c^                ≥0.05 --\<0.12^c^
  RAVLT 1                   PE-treated                                NS                   ≥0.05 --\<0.12^c^
  RAVLT 2                   PE-treated                                NS                   ≥0.05 --\<0.12^c^
  RAVLT 3-5, delayed        None                                      NS                          NS
  SDMT                      None                                      NS                          NS
  PVF (F,A,S)               None                                      NS                          NS
  *Behavioral/functional*                                                                
  NPI                       Control                               \<0.05^c^                    \<0.05^b^
  ADCS-ADL                  Control                                   NS                  ≥0.05 --\<0.12^b,c^
  ADCS-CGIC                 Control                                   NS                          NS
  CDR-sb                    Control                                   NS                          NS
  CSDD                      None                                      NS                          NS

^a^In the mean score of at least 4/5 or 3/4 of the visits after baseline; ^b^To week 21 (treatment period); ^c^To week 44 (follow-up period); NS: non-significant. ADAS-Cog, Alzheimer's Disease Assessment Scale -- Cognitive subscale; ADCS-ADL, Alzheimer's Disease Cooperative Study -- Activities of Daily Living; ADCS-CGIC, Alzheimer's Disease Cooperative Study -- Clinical Global Impression of Change; BNT, Boston Naming Test; CDR-sb, Clinical Dementia Rating -- Sum of boxes; CSDD, Cornell Scale for Depression in Dementia; MMSE, Mini-Mental Status Examination; NPI, Neuropsychiatric Inventory, including: PVF, Phonetic Verbal Fluency; RAVLT, Rey Auditory Verbal Learning Test; SDMT, Symbol Digit Modalities Test; SVF, Semantic Verbal Fluency.

###### 

Summary of adverse events in the plasma exchange (PE)-treated and control (sham PE) groups

  ---------------------------------------------------
  Any AE
  AE related to treatment
  Moderate or severe AE
  Moderate or severe AE related to treatment
  AE related to study procedures
  Moderate or severe AE related to study procedures
  Serious AE
  Serious AE related to study procedures
  Deceased
  ---------------------------------------------------

^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01.

###### 

Adverse events by system organ class, preferred term in the plasma exchange-treated and control (sham PE) groups

  --------------------------------------------
  *Infections*
  Device-related infections
  Nasopharyngitis
  Urinary tract infection
  *Psychiatric symptoms*
  Aggression
  Agitation
  Anxiety
  Depression
  *Blood and lymphatic system disorders*
  Anemia
  Thrombocytopenia
  *CNS disorders*
  Grand mal seizures
  Partial complex seizures
  *Injury and procedural complications*
  Fall
  *General and medical device complications*
  Fatigue/asthenia
  Site hemorrhage
  Site inflammation
  *Gastrointestinal disorders*
  Diarrhea
  *Deceased*
  --------------------------------------------

[^1]: Deceased.
